C urrent extinction rates of plant and animal species are estimated to be as much as 100-to 1000-fold higher than during the recent geological past, a phenomenon that conservation biologists attribute to wide-scale destruction of natural habitats (Pimm et al. 1995) . As natural habitats continue to disappear, there have been increasing efforts to stockpile wild plant species in large, centralized seed banks-a form of conservation that falls under the general category of ex situ conservation, or conservation outside the native habitat.
Seed banks are facilities where seeds are stored under cold and dry conditions. This prolongs seed viability and thereby preserves plants for future use. Traditionally, seed banks have played their largest role in the conservation of domesticated plant varieties (Plucknett 1987) , though some agricultural seed banks such as those maintained by US National Plant Germplasm System have kept collections of nondomesticated species, particularly the wild relatives of crop plants. During the past two decades many botanical gardens began to establish seed banks for the purpose of conservation. Most noteworthy is the Millennium Seed Bank Project at the Royal Botanic Gardens, Kew, in Great Britain (Smith et al. 1998 ). This massive undertaking aims to stockpile 10% of the world's plant diversity, targeting species of the dry tropics, as well as all plant species native to Great Britain. Similar, though less ambitious, efforts are under way in North America, sponsored by the Center for Plant Conservation at the Missouri Botanical Garden in St. Louis, and regional initiatives (e.g., the New England Plant Conservation Program) are being carried out in many parts of the world. As well, over 700 botanical gardens maintain seed collections of mostly wild, ornamental, medicinal, and in some cases crop and crop-related species (FAO 1996) .
In this article we focus on seed banks as tools for the conservation of wild plant species, as opposed to plant species having direct, explicit use to humans (e.g., crops, pasture species, trees, and medicinal plants). The increasing popularity of the seed bank as a tool in the conservation of wild plant species can be attributed to a number of factors. First, seed banks provide immediate access to plant samples, allowing researchers and conservation biologists to evaluate them for properties such as new sources of medicines, nutrition, and genes. Second, the availability of plant germplasm in seed banks facilitates scientific study that could provide helpful information for conserving the remaining natural populations of the species. Third, and perhaps most important, plants conserved in seed banks are immune to habitat destruction, diseases, and predators. They can be used to reinstate species into existing, suitable habitats where they were once present, or to augment the diversity of small, genetically depleted populations.
Indeed, the potential for integrating seed bank collections into in situ (i.e., within habitat) conservation efforts, as sources for population reintroduction and restoration, has been cited as an important justification for seed banks (Hurka 1994 , Holsinger 1995 . It is timely, therefore, to consider some of the possible problems and challenges that must be faced if this approach is to succeed. Below, we focus on the population biological aspects of ex situ conservation of wild plants, particularly as they pertain to questions that arise when contemplating the use of ex situ collections to restore populations to the wild.
There is abundant evidence that environments have shifted dramatically in biotic makeup and climatic conditions during the recent geological past (Davis 1983, Pitelka and Plant Migration Workshop 1997) . There is also widespread concern that global climate change is causing directional shifts in temperature and moisture regimes in many natural habitats (Sala et al. 2000) . Gene frequencies and gene combinations in natural populations are expected to change in response, but seed bank collections are stored and regenerated outside the natural habitat, typically in such a way as to minimize genetic change. It is important, therefore, to ask how populations established from seed bank collections would fare when reintroduced into habitats that have changed since the collections were made. In this regard, it is instructive to consider the related question of the fate of small natural populations subjected to directionally shifting environmental conditions. Lynch and Lande (1993) used the tools of quantitative genetics and population biology to ask how the rate of environmental change, intensity of selection, effective population size, and carrying capacity of the population may influence the probability of local population extinction. The central issue is this: When does the population's store of genetic variation for the trait(s) under selection impose a limit on its ability to adapt to shifting conditions? Lynch and Lande (1993) note that when the phenotypic optimum undergoes a directional shift, the mean population phenotype shifts in the same direction. But, importantly, the mean lags behind the optimum. The lag arises, in part, because the population must first be exposed to the new selection pressure before its genetic makeup can respond. And because the expression of a trait is determined by both environment and heredity, genetic change underlying the mean population phenotype is retarded. The difference between the optimum and the mean population phenotype has been termed the lag load.
When the lag load is severe, the mean fitness of the population may be reduced to the point where the threat of extinction becomes elevated. For example, a small amount of genetic variation for the trait(s) in question may limit the population's ability to adapt. Or, if the environmental shift is rapid, the population may simply be unable to keep up with the change. In either case, the population may become extinct before it can adapt to the new conditions. Lag loads of this magnitude are referred to as critical. When the population sample has been isolated in the seed bank and does not experience changing environmental conditions, lag loads may be greater than those in natural populations (Figure 1 ). This is because the seed bank sample retains a genetic memory of conditions that prevailed before the environmental shift. Theoretical results are not encouraging, as they show that a shift in optimum phenotype of only 10% of a standard deviation per generation can burden a small-to moderate-size natural population's potential to adapt (Lynch and Lande 1993) .
Also, removal of a population sample from its biotic community-the community of insect pests, diseases, competitors, and mutualists that it interacts with in nature-may influence its future success. Coevolutionary theories suggest that the biotic environment is harsh and constantly changing, and that interactions with the biotic community are at the center of long-term evolutionary success (Jaenike 1978 , Hamilton 1980 . Because most biotic interactions and the accompanying coevolutionary pressures are absent in the seed bank, it becomes important to ask whether populations established from seed bank samples possess resistance to current disease strains and pests, and whether they retain adaptations to mutualist partners. Theoretical models suggest that disruption of the plant-pathogen interaction may increase a plant's susceptibility to disease (Jayakar 1970) . We also know that resistance to pathogens in many crop plants is short-lived and that, because of susceptibility to prevailing pathogen types, obsolete cultivated varieties rarely make a comeback following an extended period of noncultivation (Wolfe and Schwarzbach 1978, Bayles et al. 1997) . Indeed, the continued breeding of successful pest-resistant crop varieties typically requires new sources of disease resistance genes found in other varieties and land races from other parts of the world (Burdon and Jarosz 1989) .
Adaptation and genetic shifts accompany regeneration in seed banks
The flip side to the loss of adaptability in the wild is adaptation to seed bank or garden conditions. Plants that have passed through cycles of cultivation or regeneration in the seed bank may be exposed unintentionally to selection for success under these artificial conditions. The resulting changes may diminish their ability to grow and reproduce in natural habitats. Plants may adapt to the specific cultural conditions of the greenhouse or garden, to seed storage and germination treatments, or to the harvest procedures themselves. Hybridization with related populations or species is a further hazard that may occur during regeneration, and this too could contribute to a shift in the genetic composition of the collection (Hurka 1994) . Information about the frequency of hybridization during seed regeneration is scanty, but it is noteworthy that breeders consider contamination with pollen from adjacent plots to be a potentially serious problem in selective breeding.
Little is known about the expected rate of adaptation to ex situ conditions. There is evidence that selection pressures associated with growth outside the habitat may be large and may constitute a form of domestication of wild species. Information on domestication, gained from both archaeological records and from molecular evolutionary studies, suggests that the selection forces may be strong and the response to artificial selection rapid (Smith 1995 , Wang et al. 1999 . Seed bank managers are clearly aware of the potential problem. One suggestion for minimizing adaptation to the seed bank is to equalize the reproductive contributions that each parent plant makes to the regenerated collection (Breese 1989 ). This could, in effect, short-circuit interfamily selection and thereby prevent or slow the rate of adaptation.
Loss of variation by genetic drift
Because collecting and regenerating seed samples are costly in terms of labor and materials, the population samples in seed banks are small, typically obtained from fewer than 100 individuals in the wild. Notwithstanding the problems of loss of adaptability to natural conditions and adaptation to seed bank conditions, the small sample size of ex situ collections may lead to loss of genetic variation that may contribute to increased probability of extinction in the wild Lande 1993, Newman and Pilson 1997) .
Theoretical studies show how sampling from wild populations can lead to loss of genetic variation due to genetic drift (Gale and Lawrence 1984 , Brown 1989 , Crossa 1989 . It is well known that the influence of genetic drift on variation at a single locus depends on the size of the collection and frequency distribution of alleles. For example, for the initial sample taken from the wild population to retain, with a probability of 95%, a particular allele that has a frequency of p or more, the number of gametes collected must equal approximately 3/p (Figure 2 ). For p = 0.05, in a strictly outcrossing population, this is equivalent to sampling 30 diploid individuals, whereas in a strictly self-fertilizing population, 60 individuals must be collected. Each time regeneration of the sample is required, the sample size needed to retain the alleles present in the original collection must grow. For example, to conserve with a 95% probability all alleles captured in the initial sample, the first regeneration sample must be three times as large as the original collection (Brown et al. 1997) . Likewise, each subsequent regeneration sample must again be three times as large as the previous one. Moreover, with unequal reproductive contributions and skewed mating patterns among parents, the effective population size (N e ) is less (perhaps much less) than the actual number of parents Stewart 1987, Husband and Barrett 1992) . Thus, the threefold increase in sample size between regeneration cycles is an absolute minimum for the maintenance of the allelic diversity captured at the outset.
The threat of loss of variation for quantitative genetic traits is less pronounced, as there are many loci that contribute to variation, but there is a concern nevertheless about small sample sizes. In the absence of selection and migration, the rate of change in the additive genetic variance (V a ) for a quantitative trait is ∆V a = -V a /2N e + V m , where N e is the effective population size and V m is the mutational variance introduced per generation (Lande and Barrowclough 1987) . Given that the mutational variance is expected to be on the order of 10 -3 to 10 -4 (Houle et al. 1996) , significant genetic variation may be lost when there is repeated regeneration from small samples (N e < 10 individuals).
In the case of self-incompatible plant species, there is added concern about the loss of alleles at self-incompatibility loci (i.e., S loci involved in self-recognition and avoidance of inbreeding; De Nettancourt 1977). Theoretical and empirical analyses suggest that as population size is reduced, the number of compatible mates is reduced, especially in populations with sporophytic incompatibility systems (Vekemans et al. 1998 ). Reinartz and Les (1994) and Young and colleagues (2000) found that remnant populations of Aster furcatus and Rutidosis leptorrhynchoides show reductions in S allele richness sufficient to constrain the availability of compatible mates.
Inbreeding depression
Inbreeding depression arises as a potential problem in seed banks when collections must be regenerated. If the size of the regeneration sample is small, repeated regeneration increases the degree of relatedness in the collection. For a plant that normally outbreeds in nature, the level of inbreeding (F) in an ex situ collection can be predicted from the equation F = 1 -[1 -1/(2N e )] t , where t is the number of rounds of seed regeneration and N e is the effective population size of the regeneration sample (Falconer and Mackay 1996) . As noted above, N e is expected to be small in seed bank collections, so the level of inbreeding in regenerated collections could become elevated in relatively few generations (Figure 3) . The concern over inbreeding is that it can lead to inbreeding depression in critical traits such as viability and seed production (Charlesworth and Charlesworth 1987 , Fenster and Dudash 1994 , Husband and Schemske 1995 . This could hamper efforts to regenerate new seed for the collection or to use the materials for reintroduction into restored habitats.
One suggestion for ameliorating the long-term effects of inbreeding depression has been to impose enforced inbreeding on the captive population, that is, selectively purge the population of the deleterious alleles underlying inbreeding depression (Ralls and Ballou 1988) . But recent theoretical considerations and empirical reviews of the genetic nature of inbreeding depression Charlesworth 1999, Byers and Waller 1999) suggest that purging is likely to eliminate only a fraction of the overall inbreeding depression. The central (and still unresolved) concern is the genetic basis of inbreeding depression; enforced inbreeding effectively removes only that fraction of overall inbreeding depression arising from recessive lethal and semilethal mutations. The relative contribution to overall inbreeding depression of this class of loci remains an open question, though some studies have been conducted Schemske 1995, Charlesworth and Charlesworth 1999) . Moreover, it is important to note that purging of deleterious alleles arising through inbreeding represents a cost to the collection in terms of lost materials (genetic deaths). Many seed bank collections are small and prone to problems, such as low germination. This would rule out purging as a strategy for reducing inbreeding depression.
Deleterious mutations and seed bank collections
Seed bank collections are expected to contain both adaptive and deleterious alleles present in the wild source populations. The latter are presumed to arise from deleterious mutation. There is also experimental evidence that aging seeds undergo increased rates of mutation (Dourado and Roberts 1984) . Much of the mutational damage detected in these studies is lethal and thus would not be expected to accumulate in seed bank collections. But mildly deleterious mutations (which cause more problems; see below) may also accompany seed aging. Detection of mildly deleterious mutations requires large, carefully controlled experiments (Keightley 1994), which have never been conducted with seed bank materials. Schoen et al. (1998) modeled mutation accumulation in regenerated seed bank collections. The model demonstrates that whether mutation accumulation poses a threat to seed bank collections depends critically on the rate and nature (selective effects and dominance) of mutations, as well as the amount of selective purging of mutational load during regeneration (Figure 4 ). If mutation rates, dominance, and selective coefficients of mutations as estimated from classical experiments with Drosophila melanogaster are assumed to hold for plants, mutation accumulation can drive down the fitness of seed bank collections in relatively few cycles of regeneration. This is most likely to happen when selective purging of mutations is ineffective. Relatively high rates of mutation have been detected in the plant Arabidopsis thaliana by some researchers , but not by others (Shaw et al. 2000) . Indirect mutation rate estimates for plants (Charlesworth et al. 1994, Johnston and Schoen 1995) also suggest the rate of deleterious mutation may approach values within the range of concern for mutation accumulation in regenerated seed bank collections (Schoen et al. 1998) .
But recent reports of low rates of deleterious mutation ) cast some doubt on whether mutation accumulation should be considered a problem in conservation. The problem remains unresolved. It is noteworthy that plants, which do not separate germ line from soma, may generally exhibit higher rates of deleterious mutation than those reported for animals such as Drosophila and Caenorhabditis elegans (Klekowski 1988) .
What and where to collect?
The question of how to construct representative samples is at the heart of ex situ conservation. It has been dealt with elsewhere in some detail (Brown and Briggs 1991) . The central problem is that the finances and personnel needed to establish and maintain ex situ collections are finite. This raises the question of how best to allocate collection effort.
An important issue is how genetic variation is arrayed among and within the wild populations. Reciprocal transplant and common garden studies with plants have repeatedly shown that populations of the same species growing in different locations and habitats often exhibit local (ecotypic) adaptation to site conditions (Turesson 1922 , Stebbins 1950 . Because ecotypic variation arises from adaptation to different environmental features in different species, it is difficult to generalize about how to capture the range of this type of variation. Much depends on the historical nature of selection, differentiation, and gene flow. Information about patterns of ecotypic variation is typically laborious to obtain (Clausen et al. 1948) . The mating system and other life history features may provide some indirect clues about how some of the variation is distributed among populations (Hamrick and Godt 1989) , but there is no substitute for in-depth field and garden studies.
Ideally, decisions about the sample size and the number of population samples needed to represent the diversity of a species must be based on an accurate assessment of the relative worth of each sample. One relatively simple guideline is to minimize redundancy in the collection, that is, to ask how the amount of diversity captured in the collection falls off with each added unit of collecting effort. Brown and Briggs (1991) advocated a strategy of allocating resources to populations in proportion to the logarithm of their size, which helps to address the problem of redundancy. Marker-based collection schemes, in which the marker diversity in the collection is maximized, may also help (Schoen and Brown 1993) , especially in cases in which linkage disequilibrium between marker diversity and quantitative trait diversity is likely to be significant (e.g., self-fertilizing plants, plants with low migration between subpopulations; Bataillon et al. 1996) . The question remains an active area of research.
Seed banks in the service of ex situ conservation efforts
Seed banking can be viewed as a natural extension of the normal activities of botanical gardens. In constructing collections intended largely for display and research, the emphasis typically has been placed on broad taxonomic coverage rather than on assembling collections in which ecotypic variation and population genetic diversity are important criteria (VaneWright et al. 1991 , FAO 1996 .
The apparent success of agricultural seed banking has been taken as sufficient justification for extending the approach to wild species. But agricultural seed banks have had as their principal targets those plant species and varieties that have come to depend on humans for cultivation on farms or in gardens. The raison d'être of these collections is to provide a readily available source of genetic diversity for crop improvement and research, genotypes for introduction into other parts of the world (e.g., forage species), and replacement seed for local varieties lost because of catastrophes such as war, famine, or drought. These roles can be accomplished without concern over population viability in the wild. Although human society may benefit from the extraction of a few natural products and specialized genes from wild species in seed banks, the majority of these plants are unlikely to provide economically important commodities. Clear exceptions to this generalization are the wild species that have a crucial and proven track record in supplying resistance to the pathogens and pests that they share with their related crop species. Species that provide novel genes for gene transfer are another exception. Planning for ex situ conservation of these sorts of species is difficult, however, because the number of beneficial plants is likely to be few compared with the total number of wild plant species.
It is more relevant, therefore, to ask how seed bank collections of wild species can assist in the reintroduction and restoration of populations in the wild (Hurka 1994) . Indeed, many efforts to reintroduce plant species into the wild have already begun (Allen 1994) . Such efforts are likely to continue, and restoration biologists may turn increasingly to seed banks for materials. The population biological issues outlined above suggest that if seed banks are to effectively assist in ex situ conservation efforts, greater attention must be paid to establishing collections and maintenance conditions that capture and preserve ecotypic and within-population variation. The problems of shifting environmental conditions, adaptation to seed bank conditions, loss of variation through genetic drift, inbreeding depression, and mutation accumulation must be considered (NRC 1993) . One way around many of these problems is to minimize the time that samples are stored outside the habitat. Further, larger population and seed storage conditions that reduce the need for regeneration would mitigate the problems of loss of variation, inbreeding depression, and mutation accumulation. Clearly, there is a challenging task ahead for most botanical gardens and seed banks if they wish to maintain their traditionally broad taxonomic coverage and contribute actively to reintroduction.
Finally, botanical gardens that maintain active seed banks can increase efforts to display plant species as members of natural assemblages of species (e.g., desert groups, montane groups, etc.). An emphasis on plant communities rather than individual taxa reinforces in the public mind the central role of habitat preservation in conservation (Hurka 1994) . Such efforts are crucial for dispelling potential public misunderstanding that plant species put aside in seed banks are safe for all time and thus need not be conserved in natural habitats.
